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PREFACE
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SUMMARY

The purpose of this program was to develop a solid fuel generator
for the DF chemical lasexr. The solid fuel should be suitable for feasibility
demonstration in a state-of=-the-art DF chemical laser apparatus. A source
of fluorine was developed for the DF chemical laser. The solid formulation
consisted of an energetic complex fluorine salt, a perfluorocarbon binder,
and the fuel additive, boron. The solid was predicted to furnish atomic
fluorine at the specified temperatures, after heat loss and dilution by
helium gas at between 2 and 4 moles per 100 gm solid. The net atomic fluor-
ine supplied in gm per 100 gm solid will be 6 if the readily available salt
NoFy+AsFg is used, or 12 if an advanced per fluoroammonium (NF4+) salt is
used. The combustion products are predicted to remain gaseous.

The salt N F4'AsF was synthesized in the laboratory. The salt
NF, AsF, was availa%le from another program. The salt NFQBF was excluded
from th?s study. A sample of a compatible insulation materiai was supplied

by TRW Systems Group.

Powdered formulations were pressed into solid specimens of 1.2 gm
each at a density of 2.5 gm/cc. The specimens were combusted in a small
window bomb at nitrogen pressures of 500 and 1000 psig. Good combustion
required the fuel additive boron. A particle size was found at which the
boron additive was consumed close to the burning surface. A typical burn
rate at 1000 psi was 0.25 in./sec. It is predicted that the minimum pressure
for stable combustion will be between 500 and 1000 ps%. At 1080 psi, a
thermocouple indicated a temperature of at least 1370 C (1643  K) before
burning out.

A precombustor concept was designed for combustion testing of solid
fuel grains of 100 gm or more at 1000 psi.

The effect of binder content on mechanical properties was found by
compression testing of pressed formulations with inert salt. At 10 weight
percent Teflon FEP (13 vol percent), the maximum compressive stress was
4000 psi, the strain at maximum stress was 3 percent, and the average
modulus was 2 x 10° psi. :

Pressed specimens with 10 weight percent FEP binder were degraded
visibly but non-violently by humidity. Weight increased. Arsenic fluorides
were not detected in the vapor phase. Better encapsulation is desirable. The
salt and the formulations should be processed in a dry inert atmosphere.




The salt and the formulations in powdered form were considered
to be explosive on the basis of sensitivity to impact. Sensitivity of
formulations to friction depended on the concentration of boron particles
of submicron size. Elimination of submicron particles from crystalline
boron by wet-sieving and settling made the powdered formulation much less
gsensitive to friction. Numerous energetic specimens were pressed in stain-
less steel dies at up to 17,000 psi without incident.

Samples of energetic salts, powdered binders, and energetic
formulations were shipped.




A, INTRODUCTION

The purpose of this effort is to develop a solid fuel for the DF chemical
laser and to deliver samples. The emphasis is on a solid source of atomic
fluorine. This source must deliver free fluorine with sufficient energy to
maintain the monatomic state after the heat loss and dilution typical of a
state-of-the-art chemical laser apparatus. The temperatures after dilution
have been gpecified as 1800° K in the plenum at 150 to 300 psia, and

250 to 400" K in the cavity at 5 to 20 Torr.(1l)

In a typical laser apparatus (Figure 1), the precombusted gases lose
energy by convection and radiation to the walls, Furthermore, they are
diluted with an inert gas of high specific heat ratio prior to nozzle
expansion, The solid fluorine source must be sufficiently energetic to
keep the unbound fluorine in monatomic form after heat loss and dilution,
Theref:ve, a formulation effort must consider these factors simultaneously
with the fluorine stoichiometry. For a state-of-the-art laser apparatus of
unspecified size, heat loss was assumed as 50 percent of the heat precombus-
tion, with most of the loss occurring in the array of slit nozzles. The
actual loss will be a function of laser nozzle dimensions and gas flow rate.

Thermochemical calculations were made to screen formulations in terms
of atomic fluorine concentration in the plenum chamber after assumed heat
loss and dilution.

Energy release in combustion can be increased by adding a solid fuel
ingredient. The fuel should form a noncondensable gas and should obtain a
maximum energy release per atom of fluorine consumed. The standard heats
of formation of BF, and CF,, from JANNAF tables,(z) restated as average energy
released per gram atom of %luorine consumed, are 90 kcal and 55 kcal,
respectively. Therefore, elemental boron is a more energetic fuel additive
than carbon. Boron carbide and boron nitride may have advantages of cost,
purity, and availability compared to the element boron, although less energetic,
Thermochemical calculations were made to compare elemental boron with the
carbide and nitride as fucl additives.

The temperature specification of 1800° K was corrected by estimates of heat
loss and dilution in order to arrive at the adiabatic combustion temperature
required of the solid fuel formulation, The adiabatic combustion temperature
was related to trial formulations by chemical equilibrium computations, assuming
the solid ingredients to be pure.

The solid formulation is subject to constraints. Exhaust products capable

of interfering with DF lasing, such as HF, H, 0, and CO,, are to be avoided.

The gas should be optically smokeless at the wavelengtg of the laser. The |
gas should not foul the slit nozzles of the laser apparatus, which are typically
a few thousandths of an inch wide and are constrained to low surface temperature
-by the corrosiveness of the gas. The binder was constrained to at least 10
Percent by weight, arbitrarily, pending tests of mechanical properties. Within
these constraints, the net free fluorine was to be maximized, ]

Toxicity and amenability of exhaust to waste treatment are obviously !
important coaisiderations for the long term, For the work period covered by
this report, huwever, the emphasis was on demonstration of feasibility rather
than a final formulation, Consequently, toxicity was not a formulation
constraint,

’ i B T R N e T g 1







The solid formulation consists of a complex perfluoronitrogen or interhalogen
salt, a perfluorocarbon Polymeric binder, and a potentially smokeless fuel
additive, su?g zg finely powdered boron. The salts NoT4*AsFg and KCIF, are
easily made,\“* and, hence, are considered staterof-the art ingredients.

The fluorocarbon binders, TFE and FEP, are commercially available *n powdered
form. Howe.ar, the salts Ega BF4 and NFy AsF6(5’6’7’8 and the binder poly-
perfluorobutadiene (PPFB)( are difficult to make; hence are considered
advanced ingredients.

Specimens of the salt NF, AsF. mixed with a solid fluorocarbon had
been burned in powdered form at low pressure,(10)

Specimens of the salt N Fa-AsF with FEP aund boron (up to 250 micron)
Were pressed into a solid peilet of"density 2.6 gm/cc and combusted under
nitrogen pressure in tests supported by Hercules IR&D funding., The specimens
were consumed partially at 300 psig and completely at 1000 psig. High-speed
color motion pictures showed dull orange particles being ejected. These were
believed to be large particles of boron whose combustion was incomplete.
Boron of a smaller particle size was recommended,(11

In a typical solid propellant gas generator, analogous to the solid fuel
Precombustor, the chamber interior surfaces are protected by ablative insulation,
The insulation ig typically a synthetic rubber, with added resins and mineral
fillers. In the present application, such materials will consume fluorine and
Produce HF (which is a laser de-activator), smoke, and debris. A compatible
Insulator is needed that is free of hydrogen, consumes a minimum of'fluotine,
discharges no Particulates, and whose structure offers good ablative pProperties,
The subtask of identifying a compatible perfluoroinsulation polymer was assigned
to TRW Systems Group,

The problems of formulation, heat loss, materials properties, and combus-
tion testing require iterative solution. To develop a solid fuel amenable
for demonstration firings, a design concept of the precombustor and its sonic
orifice was needed. This need became more acute when early combustion tests
showed combustion of the solid fuel to be more efficient at 1000 psi than
at 500 or 300 psi. The preliminary design of a precombustor, to hold 100 gm
of the baseline solid fuel, was assigned as a subtask to Allegany Ballistics
Laboratory (ABL). The final report of this effort is included in Appendix A,

A solid fuel development program was established at Bacchus under Mill
Order 6584y from Allegany Ballistics Laboratory (ABL) contract DAAHO1-73-C-
1074. The program comprised seven tasks:

(1) Thermochemical calculations
(2) Preparation and compatibility of fluorine compounds

2.1 Compatible insulation material (TRW)

(3) Combustion and mechanical properties of formulations

(4) Stability and sensitivity tests

(5) Chemical process data
(6) Delivery of samples

(7) Reporting,
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The effective dates were 2 February through 30 June 1974. Four monthly
progress reports were submitted, Progress during June is included in the
final report. This is the final report of development of a solid fvel for
a chemical laser under ABL M. O. 65849,

B. DISCUSSION
1. Task 1, Thermochemical Calculations

Thermochemical computations were made in support of the formulation
effort for the following systems of ingredients:

(a) salt N2F4'A5F5 with TFE, boron

(b) salt NF4A5F6 with TFE, boron
(¢) Substituting boron carbide (B4C) or nitride (BN)
: for elemental boron

(d) sSubstituting binder PPFB for TFE

(e) Salt KCIF4 with TFE, boron

(f) Dilution of the above with helium,

The goal was to maximize atomic fluorine after losses and within constraints.
Further objectives were to identify major products of combustion and product
recombination versus temperature, to evaluate product condensation as a possible
source of smokc, and to verify simplifying assumptions for use in manual
calculations.

|
|
|
|
1 a., Basis {

Gas composition and properties were predicted at chemical
equilibrium by means of a free-energy specific impulse program, Bacchus No,
65005,(12) Trivial products were omitted. Equilibria were allowed to shift
as follows in systems containing arsenic:

l 4 4
| ch +Z(z.-x)v=cp4
| 1 1

10
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The significant product, arsenic trifluoride (AsF,), was available in the

. computer product list as a gas only. The possibi%ity of its condensation
is treated in a separate paragraph of this report. The heat loss was

estimated as half the heat of solid fuel combustion. This amounted to a

loss of 47 kcal per 100 gm solid fuel for the baseline formulation. The

loss was assigned to 1 gm of the '(CZFA)' fluorocarbon binder as a large,

additional negative heat of formation. The baseline solid fuel compositioh
, was as follows (wt percent):

‘ Salt NZFQ-ASF5 85
Fluorocarbon -(CZFA)_ 11

Boron, crystalline _4

100

Each ingredient was assumed to be pure., Some thermochemical properties
are given in Appendix B.

For the heat of formation of the complex salt, an estimated
value of -332.9 kcal/gm mole was used. The inert diluent helium was added
in the following ratios (gram moles He per 100 gm solid fuel): 0, 1, 2,

4, 8, The work of injecting the helium was neglected in the energy balance
: 0
by introducing this gas at a temperature of 298" K.

After dilution and attaining equilibrium in the stagnant
plenum chamber, the gas composition was frozen, and no further heat loss
was allowed. Although heat loss is known to occur in a practical laser
nozzle, it is convenient when using program 65005 to assign all heat losses
to the plenum chamber and assume that the subsequent nozzle expansion is
isentropic. Two alternate expansions were considered for the arsenic systems:

l

Plenum Cavity l

Psi At Torr  Atm {

1) 66 4.5 4.5  0.006 ]
2) 12.5  0.85 3.0 0.004

Of the over-all expansion, only a portion actually occurs
within a state-of-the-art laser nozzle. The rest occurs externally after
the introduction of the cavity fuel, deuterium, complicated by a plume-
mixing process. In these computations, the cavity fnel and mixing process

were neglected, A single isentropic expansion was assumed from plenum
pressure to cavity pressure.
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In systems where the energetic salt was KCIF,, the major
products were assumed to be BF,, CFA, KF gas, ClF, and F. ﬁinor products
were CF fragments, gas dimer (iF)z, cl, Clz, KCl gas, and F,. Condensed
phases of KF and KCl were omitted“because frogram No. 65005°changes phase
according to temperature only. Instead, condensation was predicted manually
by comparing partial pressure with vapor pressure, as had been done previously
for AsF.. The condensation of potassium fluoride, KF, appeared to exclude
this sa?t from further consideration. For a full evaluation of the condensdtion
problem, equilibrium was considered at the following precombustor pressures:

(1) 0.85 and 4.5 atmospheres, corresponding to
the precombustors of existing Cl II and Cl
V lasers

(2) 10,2 and 20.4 specified in the advanced
solid fuel precombustor 1

(3) 68.0 corresponding to solid fuel combustion
tests.

Two terms useful for rapid screening of solid fluorine sources
were the FOMOX ratio and the net fluorine.

The FOMOX ratio was defined as the ratio of fluorine oxidizer
available to fluorine oxidizer consumed by the fuel elements. It is analogous
to the OMOX ratio, which is used with solid propellants, to compare the total
oxygen with the fuel elements aluminum and carbon. In the FOMOX ratio, the
fuel elements have coefficients based on their expected fluorides instead of
oxides. A value less than unity indicates deficiency as a solid source of
fluorine. The extent that the value exceeds unity is a direct measure of
fluorine excess. Where the energetic salt contains arsenic,

FOMOX = F/(3As + 3B + 4C)

When the salt KCIF, is used, K and Cl are considered as fuel elements, and
the ratio is definéd from the major products as follows:

FOMOX = F/(3B + 4C + Cl + K)

The net fluorine was defined as the fluorine remaining after
formation of the major products, It was expressed as gm atom or gm per
100 gm of solid formulationm.

After confirmation of the major products, these terms were
used to eliminate many candidate formulations on the basis of elemental
composition from simple manual calculationms.

12
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b. Formulations of NZEA‘ASFEJAIFElfand Boron
- Formulations of the salt N F,*AsF_ with polytetrafluoroethylene
(TFE) binder and boron feed additive were evaluaéed in Tables I and 11, The
temperatures of Table I are adiabatic, allowing CF, to dissociate. All the
temperatures of Table II have been lowered to 2200 °K or below by the assumed
heat loss, and dilution with helium lowers temperatures further.

|
|
i
|

i
|

|

At temperatures of about 2700° K and below, all the carbon
appears as CF,. Thus, CF, is confirmed as a major product, and any fluorine
obtained by déssociation of CF4 is unlikely to remain available.
| In Table I, the formulation 80-16-4, at a FOMOX ratio of unity,
obtained atomic fluorine by CF, dissociation and was therefore rejected. The
baseline formulation 85-11-4, at a FOMOX ratio of 1.10, obtained 0.3 gm atom.or

i 6 gm of net fluorine after forming CF, and was, therefore, retained for further
evaluation,

i The arscnic appears as the major product AsF,, except where
temperature is lowered by reformulation for more excess fludrine (Table I),
or by heat loss and dilution accompanied by severe fluorine loss. (See Table
II.) Loss of atomic fluorine on cooling occurs by formation of AsF5 rather
than molecular F,. (See Table II and Figures 2 and 3.) The loss bégins at
about 1800° K, At 1500° K, half the net fluorine is lost. At 1250° K, the
atomic fluorine is negligible.

R

The baseline formulation can meet the specified cavity
temperature after 50 percent heat loss and dilution by 2 to 4 gm moles helium
per 100 gm of solid formulation. (See Table II,) Atomic fluorine is 3 to §
gm per 100 gm solid fuel, depending on the dilution, |

Calculations were made to determine if gaseous AsF, would |
condense during nozzle expansion, Condensation to liquid droplets or solid
particles might introduce smoke in the laser cavity. Isentropic expansion
of the gas mixture could lower ghe stat%c temperature to the normal boiling
point of pure AsF., which 15063 C (336" K), and possibly even to the normal
melting point, which is -8,5 C (264.5° K).(13) The range of pressures considered
from the throat to the cavity was 0.45 atm to 0,004 atm. Dilution by the other
exhaust species and by helium, of course, reduces the partial pressure of the
. AsF,. Assumptions were ideal gases, frozen composition, constant specific heat
| ratio, steady state, and no further heat loss beyond the assumed 47 kcal per
| 100 gm solid fuel. Figure 4 shows that the partial pressure of AsFq will
remain 1000 times smaller than its vapor pressure. Therefore, AsF., should
neither condense nor freeze in bulk during laser operation. J

13
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Figure 2. Atomic Fluorine vs Tenperature
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Figure 3. Shifting of Arsenic Fluorides with Helium Dilution
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During the start-up sequence of a solid-fueled laser,
helium alone will flow. Expansion to 0.004 atm, if isentropic, will cool
helium from 298° K to 35° K. Heat exchange between the helium and the
nozzle walls may precool them sufficiently to condense and freeze some
AsF3 during subsequent gas generator ignition. If this should occur,
however, any such condensate will likely sublime after the ignition
transient is completed.

In conclusion, thermochemical calculations show that the
formulation 85 percent N F, *AsF., 11 percent TFE, and 4 percent boron can
furnish atomic fluorine at the specified temperatures. Further optimization
of the formulation depends on the pressure ratio and the heat loss of a
specific laser apparatus.

C. Advanced Ingredients NF AsF__ and PPFB
& =

Thermochemical predictions were made to evaluate the
advanced salt NF,AsF, and the advanced per fluorocarbon binder PPFB in
solid formulations. Use of NF,AsF, in place of N, F *AsF_ increases the
free fluorine at approximately equal adiabatic cuibustioh temperature.
Use of the binder PPFB in place of Teflon TFE allows using more binder
and less boron to achieve a given temperature and amount of atomic fluorine.
Some boron addition is still needed to achieve an adiabatic combustion
temperature of about 35000 K. (See Table IIL.)

d. Boron Carbide and Nitride

Thermochemical calculations show that boron carbide is
theoretically a substitute for elemental boron, gram-for-gram, at slight
loss of free fluorine. This loss can be compensated by decreasing the
amount of '(CZFA)' fluorocarbon and increasing the amount of salt by 1 gm
each per 100 gm solid fuel. (See Table IV,) The net cost savings depends
on the production cost of the energetic salt, which will be a function of
scale presently unknown. (For the effect of boron carbide on sensitivity
and burning rate, refer to paragraphs 3c, "Combustion Tests', and 4a,
"Sensitivity to Impact and Friction".)

Boron nitride, BN, represents a possible fixed nitrogen
ingredient within a solid fuel grain, The nitrogen contribution is 0.02
gm mole Ny per gm BN added. For instance, adding 10 gm of BN to
the baseline formulation (C of Table IV) would increase the specific heat
ratio from 1.160 to 1,173, if gas properties were otherwise constant, (See
Figure 5.) The nitride BN is also a form of boron available in high purity
at low cost,
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SPECIFIC HEAT RATIO

SOLID FUEL 85-11-4
CP VALUES AT 1000°K ()
IDEAL GAS

FROZEN COMPOSITION

—

+

payetiend

DILUENT (MOLE/100 GM SOLID FUEL)

Figure 5.

Specific Heat Ratio vs Dilution
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Substituting boron nitride in place of elemental boron or
boron carbide on a grar.-for-gram basis lowers adiabatic flame temperature
severely, Boron nitride contains 44 percent boron by weight. Substitution
on the basis of boron content is shown in Table IV. Use of the nitride
increases the specific heat ratio from 1,16 to 1.20 in one formulation
(85-9-6) that at 2000° K is probably too cool to support heat loss and
dilution. In a more energetic nitride formulation (80-12-8), the specific
heat ratio is equal to that obtained with elemental boron cr with the
carbide. (See Table IV.)

o Formulations of KCI1F,, TFE, and Boron
L)

Thermochemical calculations were made to formulate a solid
fuel from the interhalogen salt KCIF,, The other ingredients were a per-
fluorocarbon binder, either Teflon TﬁE or polyperfluorobutadiene, PPFB,
and a fuel additive, elemental boron, Each ingredient was assumed to be
pure,

The total atomic fluorine, *F, from equilibrium adiabatic
combustion (Table V) included a contribution when dissociation of the major
product chlorine monofluoride, CIF. When the formulation was changed
to increase temperature at the expense of free fluorine, this dissociation
was encouraged, as shown by the ratio ClF/Cl in Table VI. When a given
formulation was cooled by heat loss and dilution, the CLF was reformed, and
most of the atomic fluorine was lost, as shown by comparing the ratio ClF/Cl
with the atomic fluorine in Table VI,

The molecular fluorine, F_ , was negligible; less than 0.01
gm moles/100 gm solid even after heat lo§s and dilution at temperatures down
to 1300° K. Below 1300° K, F, grew significant at the expense of atomic F,
The relative concentrations dépended on pressure. (See Table VI.) Comparison
of Table VI with Table II and Figures 2 and 3 shows that the net fluorine
remains atomic at lower temperatures when arsenic is absent than when arsenic
is present.

The potassium fluoride, KF, was divided evenly between mono-
meric KF and the dimer (KF), at adiabatic combustion temperature. A trend
toward more of the dimer, aS temperature was lowered by heat loss and
dilution, was fictitious because condensation will occur instead.

The condensation of potassium fluoride, KF, vapor is a possible
source of smoke. In order to predict condensation, the partial pressure of
KF was compared with its vapor pressure. Partial pressure was calculated
assuming ideal gas, Dalton's law, and frozen composition during isentropic
expansion in the laser nozzle. The mole fraction, KF, was calculated by
including the dimer of KF as the equivalent KF, Vapor pressure data at sub-
atmospheric pressure(13) were extrapolated to higher pressures. Comparisons
appear in Tables V and VI,
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The formulation 87.5 percent salt, 10 percent TFE, and
2.5 percent boron was evaluated in Table VI and Figure 6. The partial
pressure of KF versus adiabatic combustion temperature lay on a straight
line that crossed the vapor pressure line when the total pressure in the
precombustor was 150 psia (10.2 atm). At this pressure and above, condens-
ation of KF is likely. However, because the two lines are almost parallel,
their exact intersection is sensitive to error in the extrapolation of vapot
pressure. In the equilibrium precombustor after heat loss, temperatures
were typically 1300 to 1700° K. (See Table VI.) With or without dilution
by helium, the partial pressure of KF was far greater than the vapor pressure.
(See Table VI and Figure 6.) Therefore, condensation should occur in bulk,
creating smoke.

The other formulations considered in Table V have approximately
equal KF concentrations, total pressure, and temperatures. Therefore, the
partial pressure of KF will exceed the vapor pressure for the other formu-
lations also when combnsted at a total pressure of 150 psia or more. Along
the present formulation approach, significantly higher adiabatic combustion
temperatures are not available while maintaining free fluorine. (See Table V.)

Isentropic expansion from an equilibrium precombustor at a
pressure of 150 psia or more was not calculated because the KF will condense
in bulk prior to expansion and, by the assumption of frozen composition,
will remain condensed,

Figure 6 shows the partial pressure of KF during frozen
isentropic expansion from an equilibrium precombustor at 66 psia, After
50 percent heat loss, with or without dilution, the partial pressure of KF
exceeded the vapor pressure initially and throughout the expansion,

In an idealized case where both heat loss and dilution were
assumed absent, the partial pressure was initially less than the yapor
pressure, became equal to the vapor pressure at the nozzle throat, and
exceeded the vapor pressure thereafter, (See Figure 6.) The assumption
of frozen composition neceds to be re-examined.

The specified final temperature of between 250 and 400° K,
after expansion to 5 Torr, is achievable by dilution with helium at 2 to
4 gm moles He per 100 gm solid. However, the cooling effect of adding this
much He to the equilibrium precombustor will be KF condensation (Figure 6),
which causes smoke.

f. Other Formulations

The thermodynamic advanta%e of excluding arsenic from advanced

solid formulations is shown in Figure 7. 14) Molecular fluorine, Fy, dissociates
at lower temperaturs than does arsenic pentafluoride, AsFs5. From JANNAF tables(2)
and Appendix B, the standard heats of dissociation are found as follows:
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= + 18,86 kcal/gm atom F

1/2 F. ¢ F oH°

2 298
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= &4 g
1/2 AsF¢ « 1/2 AsF, + F OH o0 54,9 kcal/gm atom F
2% Task 2, Preparation and Compatibility of Fluorine-Containing

Compounds
& Energetic Salts

] The energetic salt, N F, *AsF., was synthesized from gaseous
tetrafluorohydrazine (N, F,) and arse%i pentafluoride (AsF_.). Typically,
the ingredients were co&béned at liquid nitrogen temperatufes and allowed
to react at -78% C for 12 hours. The reactor was then slowly warmed to
room temperature and excess reagents removed by evacuation. (3) Commercially
available 75-125 ml stainless steel Hoke reactors were used in the sreparation
of 10 gram batches. Approximately 90 grams of salt were synthesize during
this program. The N F, was produced in the Bacchus pilot plant at a purity
of at least 97 mole ﬁe cent, Unspecified purity arsenic pentafluoride was
procured from Ozark-Mahoning, Tulsa, Oklahoma.

The salt was analyzed for metallic impurities by hydrolysis,
followed by X-ray fluorescence spectroscopy. These metals, which are potential
sources of smoke in laser systems, are formed by corrosion of the reactor and
total < 0,5 percent by weight. .

The salt is formed in a condensed phase and is obtained as a
hard cake. The cake is pulverized to remove the solid from the reactor.
The cakiag also entraps gaseous reactants; hence, evacuation of the
pulverized product was necessary to remove such unreacted gases. The
solid, N,F -AsFS, was ground with an agate mortar and pestle and screened
through 8 -60 mesh (250p) sieve prior to use. The grinding and sieving were
performed under inert atmosphere in a nitrogen filled glove box. All equipment
used 18 processing the energetic salt was degreased with Freon 113 and dried
at 100" C prior to use.

The interhalogen salt, KCIF,, was not synthesized since thermo-
chemical calculations predicted condensation of KF in bulk which would result
in probable smoke problems in laser systems. (See paragraph le.)

b. Material Compatibility

The energetic salt, N, F, *AsF_, was tested for compatibility
with the materials listed in Table Y11, Compatibilities at room temperature
were demonstrated by mixing the materials at room temperature in a nitrogen
atmosphere. Fisher-Johns compatibilities were tested by addition of the
materials to a metal planchet which was then heated with a Fisher-Johns
melting point apparatus. Any observed change in physical appearance of the
salt was noted as evidence of reaction,
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As indicated in the data, hydrocarbon based materials
decrease the thermal stability of the energetic salt and energetic salt
blends. Sensitivity measurements of energetic blends with polyethylene
, added also indicated greater sensitivity tn both impact and friction,

] Because of the increased hazards involved in using hydrocarbon based
materials, all materials and apparatus that contacts energetic salts
will be made of inert materials,

i Compatibility testing with NF AsF6 indicates that its

‘ compatibilities parallel the N Fa‘AsF salt éuite closely, Both salts

react instantaneouslx with water and ignite alcohol and acetone., The

compatibility of NF,” based salts with fluorocarbons has been studied.

‘ These tests indicate that most of these materials do not rezact with NF4
salts,

Ch Task 2.1, Compatible Insulation Material

evaluated to minimize heat losses in DF laser systems. TRW systems was

. assigned the task for investigation of compatible high char insulation

| materials. An important result of their prior studies was the development
of a crosslinking reaction suiteble for application to polyphenylquinoxaline
(PPQ) resin. This crosslinking eliminated the thermal plasticity normally
observed above 600° C, The TRW crosslinked PPA (CPPQ) resin was found to
be a promising high char yielding resin and appears compatible with
energetic salts in initial tests. Key properties are outlined in Table VIII.

-‘ Compatible insulation materials are currently being

e S

TABLE VIII (9

SUMMARY OF FILM PROPERTY RESULTS
ON CROSSLINKED PPQ SYSTEM

Test Property
_i Tensile Strength/Elongation (1) 17.5 Psi/177% (2) \
Color Very Dark Amber
Initial Thermo-oxidative 510° ¢ (950o F)
Stability (3)

(1)

Conditions employed: 0.2 in./min crosshead speed;
- specimen dimensions: Thickness 0.005 in,, width
] V.50 in,

(Z)Avcrage of five specimens
3 :
| ( )TGA conditions: 3° C/min scan rate and 100 ml/min
air flow

———
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Film samples of this product demonstrated that at 900° C
the char yield was approximately 95 percent. At 1800° C, the char yield
was 65 percent. These test results indicate that the polymer CPPQ merits
consideration as a potential high char yielding insulation material in
laser systems.

3% Task 3, Combustion and Mechanical Properties of Selected
Formulations

Combustion specimens were blended and pressed from an energetic
salt, fluorocarbon binder, and a boron fuel additive. The ingredients
were characterized before use,

a. Ingredicnts

1) Salts

The cnergetic salts included N,F,°AsF., synthesized
in Task 2, and NF,AsF,. The salt NF AsF_ was prepared by Stanford Research
Institute (SRI) under Hercules IR&D %undgng prior to issuance of the ABL
MZ11 Order No. 65849, It was made by thermal activation and pressure in a
Monel reactor.

The supplier estimated NF AsF purity at 90 percent by
weight, based on hydrolysis of NF,* to NF.. éopper and nickel impurities
were detected qualitatively by chemical spot test. No other impurities
were detected by infrared analyses. Therefore, the supplier believed the
major impurities were copper and nickel hexafluoroarsenates, introduced by
corrosion of the Monel reactor during synthesis. The normal sublimation
points of the fluorides of copper and nickel are 950-1100 and 1000° C,
respectively.(13 Such metallic impurities are potential sources of smoke.
1f the salt NF, AsF, represents about 85 percent of the solid formulation
by weight, then the consequent addition of metallic impurities will be 1.2
percent by weight of the solid formulation,

2) Fluorocarbon Binder

Teflon FEP was obtained as a submicron powder and Teflon
TFE as an 8-10M powder from Liquid Nitrogen Corp. Prior to use, both
were dried by heating at 100* c.

Polyper fluorobutadiene (PPFB) was prepared by SRI under
IR&D funding from TRW Systems Group in 1973, The molecular weight was
reported by the supplier to be 8500 as measured by intrinsic viscosity.
The coarse powder was dried by evacuation at room temperature.
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3) Boron Fuel Additives

; Initial combustion tests used elemental crystalline boron,
supplied by Alfa-Ventron at up to 250p, which was then sieved in the laboratory
through -325 mesh (45pn).

A survey was made of commercially available types and
particle sizes of boron, boron carbide, and boron nitride. (See Tables IX
and X.) At equal nominal purities, the carbide, the nitride, and amporphous
boron were less expensive than crystalline boron. Thermochemical calculations
had shown the carbide to be equivalent to elemental boron, but had eliminated
the nitride. (See paragraph 1d.) Formulations with amorphous boron were
eliminated by their extreme sensitivity to friction in previous tests.(11

Boron and boron carbide samples were received from two
vendors, Atlantic Equipment Engineers (AEE) and U. S. Borax Research.

The samples were analyzed at Bacchus for trace metals,
semi-quantitatively, by X-ray fluorescence spectroscopy. Metallic impurities
are of interest as potential sources of smoke, because their normal boiling
or sublimation points are in the range 1000 to 2500° ¢ (1300-2800° K).13 The
major metallic impurities are aluminum, up to 0.8 percent, and iron, up to
0.6 percent. Total of all metals was 0.6 to 1.6 percent. (See Table X1.) 1If
the boron additive represents up to 4 percent of a solid fuel formulation, then
the consequent addition of metallic impurities will be 0.024 to 0.064 percent
of the total solid formulation.

The particle sizes of boron and boron carbide were determined
by photomicrograph and by Coulter counter. Photomicrographs of samples of boron
and boron carbide are shown in Figures 8 thru 16. Table XII shows measurements of
particle size distribution by Coulter counter. In all the samples, particle
sizes of less than 0.8pu are not measured by the Coulter counter. In view of
this fact, the weight-average diameters of Table XII may appear larger than
actually contained in the samples. It should be noted that the boron carbide
samples do not appear to be the submicron and 1-5p sizes that were
ordered and indicated on the vendor's label. The distribution of particle
sizes instead resembles that of the -325 mesh boron.

Submicron and oversize (> 325 mesh) particles were effec-
tively removed from commercially available -325 mesh crystalline boron by wet
sieving and settling procedures.

Figure 10 is a photomicrograph showing a sample of crystal-
line boron, nominally -325 mesh, as received from the vendor, U. S, Borax
Research, Figure 14 shows similar material after further wet sieving(lﬁ) and
settling in the laboratory. The submicron particles removed are shown in
Figure l& Figure 15 shows the oversize boron particles that were removed.

33




sxaautduy
quaudinbg oT13uRIaIV

Juyl Sataisnpul
oo1A19g-T)o9meY

.oo
syedTway) dr312woly

saoautrduy
juaudinbg otaueiav

0s°¢1
0S°¢L

09
S8

SL° LT
0%7°¢c

0S-01

>
1

1
G-

$°66-S6
$°66-S6

+66
+66

(Nd)
3PTIIIN
uoaog

0"8)
2p1qaE)
uoiog .

1511ddns 1e1au~log

13430 q1 1

|  43d

SUOIDTI

xXel

Ut

1eo1d{] Ut

USSR

q1/$ 350D
%161 Lieniqag

9Z1S o1oTadeq

% 431Ang

1eTI23BR

ISOD ANV ‘dZIS FIDIL¥VA ‘ARIIdnd

X1 TI18V1

IATYIIN ANV 3QI9¥VD NO¥0OH




20 siFaru Aacay 13yjo ‘uadoiphy 1y sy,
- - *00°065 12pao I.S..::v
‘we18 13d gi¢ o swead 01 auaucn.&o
*spunod O] 3o sajajauendb .__ua
-] ain3joejnuew awuuuohu ‘uo1} uEYI I3yi0 STEIN,
H 182FWaY) 329 -3 % 15 26-06
-
] 3123035 /40T TEPT2TUS sz | 0'e-L°0 JLIN S ¥ 8 £°0 'S 26-06
1 i juaudinbg 313ueray x4 1> S6-76
.
i auaudynby d13ueTIv (A 4 €-2 $6-76
_‘ suy ‘satyaasnpul
! 037413g 1yd2mey "Ze °1 96-%6
1 Yo1easay xeiog °S°fl °SE $°1-S°0L S6
]
; uxﬂﬂm;o:nﬂwzm p 0t [p0°€-L70 a4 $"0 1°2 1°0 | st°0 8°0 16-56
| syedyway)y S3812woly ‘g1 | v°Z-5°0 41| ¢'ol ¢°0| o0°Z| o010 170 | S°Z-0°1 16-S6
yoieasay xeiog °S°N $°1-6°0 €6 =L
Y
.. syedtmay) 231313w0ly¥ 2 09 $66°66 - ydzowy Jejuau2(a ‘uolog (32}
| noo.~m L (9%-) STe- XeW | S0°0 €70 €°0{ S1°0 0°1 S0°0 5, S L6
§ uanmﬁuwu
¥ Jo ‘xoze3as °D°H wo1iy
E ‘d10y AoryepraIus | 05°ZL =) 001~ 441 | 61°0| %s°€{ lT°0 | LT7O z°0 §9°%6 —c
i u:ouuumwm xel1og °S°M o *001 (r9-) {4 34 xey z°o 70 Z°0 T°0 z°0 70 L6 ==
.ﬂ s123ul3uy
Juaudinby d13UBTIV -- G111 1> -- 6 66
sTedtwdy) 31815wo3y - "0s1 og-1 xeW | 1070 $°0 z°0| so°o (1] €70 S 86 =
| STed1wayy d1810W0Y < YA (%-) STE- dkr | 10°0| <00} 81°0 | 1070 [ £€0°0 ‘66 ==
§ syratwayy d3813woly -- (1174 05-01 66
| d s122uy3uzy
susudinby drIuerv - ‘STl (7%-) L4 2 =o $°66 1s£1p | TeIuswa(a ‘uolog
. aay1ddns 1EYVIUD304 124310 qr 1 SUO0IIIY xe | ulR syseg N Ie] 0 15 R ¥ 1e91d4AL | uin ajeas 1eF293LR
A3d q 7 Seritdm %L TAITIng
q1/s "3s0D 2215 273132%g
%61 924
1S02 GNV ‘3ZIS IFT1OI1WVA ‘AlTNNd  :NO¥OE
] X TI19V1
!
]
!
L
] » . 4
S —— —

- - - r . ’ el .......r.l = - g - = T g B T el ¢ g T




$319732ed LOIOTWANS PUB IZTSIIAD IACWAL DI PIIZIII UOIOG XBIVE °S N 'SIw n~mu«

33213 =« 1

*38k1y x2109 °5 U010y

371Q3E)
*35Lap ey d uo1ag

IP1q22p
*3s41n IV uelog

Yoaessoy
-3sk1n xXelog °S*f uoclog

s173u1fuy
Juaudindy
Oy IULTIV

ESERIT &.10% |
Juaudynby
€0°  <0° 1 sn° 10° > 66 (v%-) ger- °31sday d13uE]ay uoxog
I =) ¥ Q ny 3 PI137109d5 Suciolw (S9N 33635 Iopusp 1e1353€R
(£6£97 "on STSATPuUY) S[PIsN eoedy Layang ~T¥eviToeds

2215 ayoy3Ig L

JAITUVD NONOE OGNV NONOG O SISATVNY STVIIW TIVEL

IX Z1avi

T e o e T e < ‘ll‘“'




T AR AR T

7154 x 473
-325 mesh crystalline boron
Alfa/Ventron, 138x

7154 x 4734
-325 mesh crystalline boron
AEE, 138x
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7154 x 4734
Figure 10, -325 mesh crystalline boron
U. S. Borax, 138x

7154 x 473m
Figure 11. submicron crystalline boron
AEE, 138x
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Figure 12,

7954 x 620M
Submicron boron carbide (138x)

7954 x 620M
1-5 micron boron carbide (138x)
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Figure 14,

Figure 15.
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7151 x 473K
Boron after wet sieving & settling (138x)

795 x 620
Oversized boron particles removed (138x)




7954 x 620M
Figure 16, Submicron particles removed (138x)
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Boron corresponding to Figure 14 was used in the final
canbustion tests.

b. Combustion Specimens

Combustion specimens were pressed in the form of discs,
each 0.500 in. diameter by abcut 0.18 in, high, and weighing about 1.2 gm.
The ingredients were blended and pressed in a dry nitrogen atmosphere
glove box. The die set was a Beckman No. 5020, modified externally to
allow remote disassembly. The hydraulic press was an "Enerpac" Model RC104,
with a capacity of 10 tons. For safety, the conventional hydraulic oil was
replaced with a halogenated oil, Halocarbon Products Corp, type 18-CS-100.

The three combustion specimens of Table XII were pressed at
a calculated die pressure of 6840 psi to an average density of 2.50 gm/cc.
The specimens of Table XIII were pressed at a calculated die pressure of
17,000 psi for 15 minutes. All pressing was at room temperature.

c. Combustion Tests

Combustion sauples were tested in a small window bomb. The
hot gases reacted with the acrylic windows, which had to be replaced after
each test. Later, gas windows were used with which no reaction was observed.
The bomb was pressurized with nitrogen to the nominal test pressure,
typically 500 or 1000 psig. The thin disc, mounted vertically, was ignited

at the top edge by means of a nichrome wire. The specimen burned along the
moving upper edge only; the flame never spread over the flat surface of the
disc. When the binder was submicron FEP, the burning edge regressed at a
rate uniform enough to be measured. Color motion pictures were taken at
film speeds of 1000 or 2000 frames per sec; timing marks were superimposed
by a neon bulb at 120 cycles/sec.

The samples of Table XIV, conteining -325 mesh borom, burned
at a rate of 0.27 in./se: at 1000 psig and 0.19 in,/sec at 500 psig. Com-
parison suggests that the rate was proportional to the square root of
pressure. In both cases, ignition was relatively smokeless. Combustion
resembled that of a good CMDB propellant. Incandescent particles were
brilliant blue-white, small, and distributed uniformly within the flame.
This was in contrast to previous combustion with 250 boron in which
particles were dull orange, large, and ejected erratically.(11) When the
third sample was combusted at 500 psi, occasional agglomerates of Teflon
binder burned slowly and loitered on the surface.
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Combustion testing was conducted on blends of 85 percent N Fa'AsF b
11 percent Teflon, 4 percent boron, The boron was resized from —32§ mesh,

U. S. Borax crystalline boron, Combustion of this formulation proved quite
satisfactory. The boron particles appeared to be consumed nearer the burning
surface than in tests that had used -325 mesh boron, as received. The lowering
of burn rate at 500 psi is believed due to removing submicron boron particles.
Rate data at intermediate pressures are needed to establish the rate versus
pressure slope.

Boron carbide (B,C) was evaluated as a fuel by direct comparison
with crystalline boron in glends with NZF *AsF_ and Teflon FEP, The formu- (3)
lations being compared were adjusted to eéual éheoretical exhaust properties,
The fuel particle sizes were nominally equal, -325 mesh, and used as received from
the vendor. The size distributions were approximately equal, although the
carbide was slightly finer than the elemental boron., (See Table XIIL,) Qual-
itatively, the B,C did not burn as well as the elemental boron blends. As
B,C burned, glowing particles were noted streaming away from the burning
surface and out of the field of view, indicating incomplete fuel combustion.
Comparative burn rates indicate that the carbide burns more slowly than the
element, especially at the lower pressure. (See Table XIV,)

The carbide might be a useful modifier of burning rate in the
future, if the particle size were reduced.

Combustion tests were made on mixtures of energetic salts with the
experimental binder polyperfluorobutadiene (PPFB). The form was a coarse powder.
Used as received, without further size reduction, it was blended with energetic
salts and pressed without curing.

Samples comprised of 80 percent NF,AsF, and 20 percent PPFB burned
very quickly along an irregular front, appearing to burn or melt in depth.
Combustion was very smoky and left a heavy carbon residue. oThermochemical
calculations had indicated that a flame temperature of 2600 K should be
attained, In a fluorine-rich environment, carbon should not remain unreacted
at this temperature. This formulation apparently did not yield the
calculated temperature.

The binder, PPFB, was tested further in a blend of 87 percent N,F,°AsF.,
10 percent PPFB, and 3 percent boron. This formulation burned well without "any
visible smoke or residual carbon. This test indicates that direct sub-
stitution of uncured PPFB for Teflon FEP in an energetic grain is feasible,
No evaluation of comparative burn rates is possible at this time since the

PPFB blend contained large shards of polymer, which caused irregular sur-
face regression.




An attempt was made to measure the temperature of a burning
grain comprised of 86 percent NF4A5F6/10 percent Teflon FEP/4 percent
boron. A chromel-alumel thermocouple,. placed near the grain, was used to
record the temperature of the burning specimen. A temperature of at least
1370° € (1643° K) was attained before the thermocouple leads were destroyed
by the hot corrosive gases. Thermochemical calculations predicted a flame
temperature of 3400° K for this formulation.

d. Mechanical Property Tests

Mechanical properties data were needed to evaluate the
minimum binder content of 10 weight percent assumed arbitrarily during
thermochemical calculations and combustion tests.

The combustion snecimens, in the form of thin discs, were
brittle during handling. Specimens of powdered FEP or TFE when pressed
without filler had the consistency of soap and lacked the cohesion of
normal FCP or TFE sheet stock. Inert specimens of Teflon FEP, filled with
table salt, resisted penetration but shattered under a hammer blow. After
these preliminary observations, conventional tensile testing of dogbone
specimens was rejected in favor of compression testiug and temperature
cycling. Because brittle failure was expected, the properties of most
interest were resistance to temperature cycling and strain capability.

One inert specimen. 0.5 in. diameter x 0.5 in. thick, was

temperature cycled three times be.wcen -196° C and +110° C. No damage was
visible when cycling was conducted over a 3 hour period.

For testing of mechanical properties, 24 inert specimens
were przpared. These specimens were cylinders 0.5 in. diameter x 0.5-0.6
in. long. They contained dry table salt screened through a 60 mesh
(-250i4 sieve), and Teflon FEP as a submicron powder. They were pressed at
a calculated die pressure of 17,000 psi for 15 min at room temperature.

The inert salt was justified for reasons of safety, operator acceptance,
and expediting the tests. The boron fuel was omitted for greater inertness
and to avoid abrasion. Some tests need to be repeated with an energetic
salt and boron to represent the full particle wetting and packing problem.

Compression tests were performed on an Instron Model 1115
testing machine in accordance with ASTM D695. The pen of the chart recorder
was capable of rising to full scale in 1 second.

The mechanical loading protlem to be simulated was the igni-
tion transient of a solid-fueled gas genmera“or in which the pressure might
rise to 1000 psi during 1/10 or 1/2 sec. taoosing appropriate speeds of
crosshead and chart required a preliminary test to determine the modulus
and the strain at failure.




Three specimens of table salt and FEP, 90 percent and 10
percent by weight respectively, were tested at a crosshead speed of 0.0l
in./min, and ambient pressure at room temperature. The modulus of 1.75
x 1072 psi was determined from the linear portions of the stross-strain
curves. (See Figure 17.) Stress and strain were calculated from the
dimensions of the specimen before test. This simplification was justified
by the small strain observed at maximum stress which was 3 percent. (See
Table XV.)

|
|
|

Calculations indicated that ignition would be simulated by
a crosshead speed of 1.0 in./min, and that the specimen containing 10 per-
cent binder should fail in about 1.0 sec. At a time to failure of 1 sec,
! the lag of the recorder pen would distort the chart record. To expedite
) the tests, the existing recorder and a crosshead speed of 0.1 in./min were 1
used. Results of tests conducted at 0.1 in./min with varying binder levels
are summarized in Table XV. Strain capabilities are somewhat improved at
increased binder levels, but do not represent a vast improvement over
l lower binder level formulations.

The moee of failure at 0.01 in./min (1.7%/min) and 0.1 in./
' mn (17%/min) was spalling. The mode of failure at 1.0 in./min (175%/min)
was total shattering of the specimens. The compressive stress at failure
was four times the pressure expected at ignition. Therefore, the solid
grain is likely to withstand ignition.

Because strain capabilities differ little over the range of
i binder levels tested, the formulations might be adjusted with lower binder
levels (higher F° yields) without significant loss of strain capability.
However, the compression tests and temperature cycles should be repeated
using the energetic salt and the boron fuel additive at their final
l particle sizes.

4, Task 4, Sensitivity and Stability of Energetic Formulations

.' ais Sensitivity to Impact and Friction

; Friction and impact sensitivities were measured on a number
. of energetic salt blends as indicated in Table XVI. These tests indicate
| the hazards when processing the ingredients in powdered form. The results
of these tests were expressed as threshold initiation levels (TIL) repre-
senting 10 consecutive no-fires at the level cited, after firing at the
previous greater height or greater force. When samples are compared, the
cample whose initiatioa requires the greater impact height, or the greater
friction force at the given velocity, is considered to be the less sensi-
tive and, therefore, the safer to process.

The neat energetic salts, N2F4-A3F5 and NF,AsFg were screened
- through a -60 mesh (25CM4) sieve prior to sensitivity testing. Although
i neither sample was sensitive to friction (> 1000 1hf @ 8 ft/sec), both were
impact sensitive.
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Figure 17, Stress vs strain in compression tests at 0,01 in./min
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The accumulated sensitivity data indicate that elemental
boron makes formulations containing energetic salts more sensitive to
friction. The presence of submicron boron, whether amorphous or crystalline,
appears to render such mixtures extremely sensitive. In the case of
crystalline boron , the friction sensitivity is apparently directly related
to the size distribution of the boron fuel. Submicron particles were
eliminated from commercially received =325 mesh boron along with oversized
particles, as described in Task 3. Tests showed that substituting this
resized material, for the =325 mesh boron used as received, made otherwise
equal formulations much less sensitive to friction. For instance, the
blend with the resized boron was initiated only by friction forces exceed-
ing 750 1bf at 8 ft/sec (Table XVII) which is much more force than was
required to initiate blends using as-received -325 mesh boron.

Direct comparison of formulations with boron and boron
carbide in approximately the same particle sizes showed the carbide to
be less sensitive. Prior to resizing of the commercially received boron,
the use cf the carbide appeared promising on the basis of sensitivity.

b. Hydrolytic Stability of Energetic Grains

1) Objective and Scope

The hydrolytic stability of the gas generator formu-
lation is important for two reasons:

(a) Storability
(b) Potential hazards

Storability implies maintaining chemical reactivity and mechanical prop-
erties after storage and handling operations. Potential hazards irclude
explosion, fire, and evolution of toxic gases (especially arsenic com-
pounds),

The following specific information is needed:

(a) The minimum level of humidity at which
decomposition is detectable.

(b) The effect of humidity level on the rate of
decomposition.

(c) Methods of preventing decomposition.

(d) Conditions that represent a fire or explosion
hazard.

(e) The amount of arsenic evolved in gaseous
form, perhaps as AsFg, and whether the
amount is sufficient to constitute a toxicity
hazard.
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Constraints of time and cost allowed only preliminary tests with the objec-
tive of broadly defining the problem and indicating areas for further work.

Preliminary tests evaluated the effects of humidity on
pressed specimens of the following composition:

N2F4 ASFS 857%
FEP binder 11%
Boroii 47

In view of the difficulty in obtaining quantitative analytical data, the
immediste goal was to establish an approximate upper limit of acceptable
humidity exposure by qualitative observations.

2) Experimental

Pressed pellets (1/2 in. diameter by 1/10 in. thick,
weight 0.8 gm) were exposed to constant relative humidities (RH) of
<1 percent, 6 percent, 12 percent, 33 percent, and 53 percent at room
temperature for periods up to 20 days. Humidity was maintained by aqueous
salt or sulfuric acid solutions in glass containers. The dry extreme
of <1 percent RH was maintained by "Drierite'" (anhydrous calcium sulfate).
Pellets coated with FEP Teflon (total weight of FEP was about 0.4 gm) on
two sides in a sandwich configuration were also tested at the lower humidities
of <1 percent, 6 percent, and 12 percent. The exposed pellets were evalu-
ated by weight changes, physical and microscopic examinations, and infrared
examination of the vapor phase. Infrared spectra of the vapor phase were
obtained with a Perkin-Elmer Model 237 Infrared Spectrophotometer using a
Teflon sample cell (9.5 cm path length) equipped with BaF2 windows.

The three components of the present fuel formulation
were readily distinguishable under microscope examination in a Halocarbon
immersicn oil using a combination of transmitted and reflected polarized
light.* The boron was easily distinguished from the FEP binder and the
NoF, *AsF5 adduct by its relatively small particle size and high reflectivity.
The arsenic salt was identified by larger particle size and by its polari-
zation colors. When examined separately, the N,F,°AsFs adduct was observed
to react with the Halocarbon immersion oil, as evidenced by gas bubble
formation. This reactivity was also observed with samples from unexposed
fuel formulation pellets.

3) Results
The preliminary and qualitative results of the present

work are summarized in Table XVIII. Direct chemical evidence concerning
the products of hydrolysis of the NoF,*AsFg adduct was not obtained in this

%
The microscopic examinations were carried out by J. A. Kohlbeck.
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work. The infrared spectra of the vapor phase provided evidence for only
small amounts of NF3 and HF; as noted, this may be due to absorption in

the aqueous solutions required for maintaining known levels of RH. Physical
observations, however, did provide clear evidence of changes. Weight
changes occurred under all humidity conditions, even under the relatively
dry environment of <1 percent RH. At this time, the data are too limited

to permit a detailed interpretation in terms of the several processes

than can conceivably occur, including absorption, diffusion, and the various
hydrolysis reaction steps in the FEP/boron matrix. Phy:ical ani microscopi¢
examinations proved useful in indicating changes in pell.t integrity and

in the crystalline form and reactivity of the arsenic salt component of the
formulation. These examinations clearly indicated that the changes were
greatest at the higher humidities. At the lowest humidity of <1 percent RH,
the changes were the least and appeared largely confined to the pellet
surface. Also, the observed changes were gradual and did not result in a
fire or explosion with the small (0.8 gm) scale pellets used in the

present work; ultimately, the effect of charge size must be considered.

The observations are discussed in detail below.

The spectra of the vapor phase showed, in general,
only small amounts of SiF (indicative of HF formation in the presence _
of glass) and ver¥ weak unidentified absorption doublets at 1610/1640 cm
and 1790/1810 cm™! (Table XVIII). Very small amounts of NFg (910 cm'l) were
observed at both high and low humidities after periods of exposure of -
5 days or less (Table XVIII). Absorption of gases into the aqueous solu-
tions used to maintain constant humidity level might account for the
relatively small amount of gaseous products observed by infrared spectrosopy
and, in particular, for the absence of N,0 or NO, .

Small but significant changes in pellet weights were
observed. Small weight increases of 5 to 16 percent after 7 to 20 days
were observed at the higher RH of 33 percent and 53 percent, while weight
decreases of 5 to 19 percent were observed at the low RH of < 12 percent.
These weight differences suggest not only that changes had occurred, but
also that the kinds of changes varied with the level of RH.

Physical examination of the pellets showed softening of
the surfaces after only 1 day at RH of 12 percent or greater, with the
softening more pronounced at the higher RH. Further, losses of pellet
integrity occurred after 1 to 2 weeks, even at the relatively low RH of
6 percent. These observations indicate that hydrolysis occurs at an appre-
ciable rate even at low ambient humidity conditions. It is encouraging to
note, however, that in a dry environment (i.e., <l percent RH), pellets
remained hard and completely intact for up to 2 weeks; only slight surface
softening was observed.

Small samples were removed from exposed pellets, imme=
diately immersed in Halocarbon oil, and examined under the microscope.
Changes were visible in the crystalline arsenic salt component of those
pellets exposed to the higher RH (i.e., 33 percent and 53 percent RH).
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These changes were e'idenced by changes in the interference colors from a
high order white to a low order white. The material after exposure was also
less reactive with the immersion oil, as indicated by reduced bubble forma-
tion. At the lower RH (i.e., <12 percent), the arsenic salt component of
samples removed from interior portions of the pellets remained reactive

even after 2 weeks of exposure.

Pellets were pressed with a Teflon FEP coating on the
two faces in a sandwich configuration; the edges remained uncoated. The
Teflon coatings adhered well to the fuel formulations, and the composite
pellets easily survived handling operations. After 12 days exposure at
room temperature to less than 1 percent, 6 percent, and 2 percent RH,

an area of Teflon coating was mechanically removed 2nd the surface immediately
under the coating sampled. Microscopic examination showed relatively large
amounts of crystalline material, reactive with the oil and presumed to

be the arsenic salt, The surfaces of uncoated pellets exposed to the
identical humid environments had relatively small amounts of an unreactive
crystalline material. These preliminary observations clearly indicate

that a Teflon FEP coating provides protection to the fuei formulation.
However, even the sandwich coated pellets underwent a general softening

when exposed to RH of 6 percent and 12 percent, presitmably via moisture
diffusion from the uncoated edges. In the dry environment (i.e., <1 per-

cent RH), the pellets remained hard and the Teflon coating remained

strongly adhered to the formulation substrate.

4) Discussion

Previous studies of the hydrolysis of the NyF,°AsFs °
adduct have shown that Ny, NO, NF3, and NoF are evolved as gaseous products
while the arsenic moiety was retained in aqueous solution as the nonvolatile
hexafluoroarsenic acid (HAsFg) and its hydrates.(ls) These products seem
consistent with the ionic structure of NZFS AsFg assignec. by Young and
Moy to the adduct. (3) e hexafluoroarsenate ion AsFg~ is known to be
stable to hydrolysis. Consequently, the N2F3+ ion is the active
species responsible for the observed vigorous reaction with water. Possible
products resulting from the hydrolysis of this ion, other than the observed
N2, NO, NFj3, and N,F5 cited above, include other nitrogen oxides (i.e., N0
or NO2) and hydrogen fluoride (HF). Thus, the hydrolysis of the difluorodi-
azine-arsenic pentafluoride (NyF'AsFs5) adduct with the suggested ionic
constitution (NoFtAsFg~) has been reported to form nitrous oxide (Ny0) and
hydrogen fluoride (HF).(ZO)

The infrared evidence obtained in the present work
showed the formation of only small amounts of NF3 and HF (HF indirectly by
the presence of SiF,). However, the possible formation of other gaseous
products must still be considered. Such gases may have been absorbed in
the aqueous solutions used to maintain the constant humidity levels.

Also, the infrared evidence did not indicate any detectable volatilization
of AsFg (B.P. = 63° C). Again, absorption by the humidifier solution is an
alternative explanation. The correct interpretation needs to be clarified
to determine the vapor toxicity. This is particularly important because
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recommended upper limit for exp?s¥5e to arsenic (0.05 mg/m3 of air for
10 hours/day and 40 hours/week) 21) 4g undoubtedly below the limit of
detection by infrared.

The probable fate of the AsFg~ ion appears to be
formation of hexafluoroarsenic acid (HAsF.), as Yreviously reported for
the solution hydrolysis of the NaF,°AsFs adduct(18) and also postulated
for the hydrolysis of the NoFj‘AsFs adduct.(20) This acid has also been
identified in aqueous solutio 953 a product of the hydrolysis of dioxygenyl
hexafluoroarsenate (0O, +AsFg~).\“ A possible product of the present
humidity experiments is the hexahydraze of the acid (HAsFg'6 Hy0), which is
a known stable, crystalline compound. 19) Both the acid and its hydrate
would be expected to remain in the partially decomposed pellets. This
interpretation would explain the absence of gaseous AsFg evolution and the
changes in crystalline structure and reactivity of the arsenic salt observed
during microscopic examination.

5) Conclusions

The following conclusions may be drawn from the present
preliminary work:

(a) Decomposition at room temperature i{s gradual
and noncatastrophic with small specimens
having a relatively large surface area.

(b) The rate of decomposition increases with
humidity.

(c) The decomposition threshold appears to be
at <1 percent RH at room temperature.

(d) Pressed fuel formulations containing N2F4'Asr5
cannot be exposed td> any normally encountered
ambient humidity environment for appreciable
periods of time without decomposition.

(e) Decomposition in a readily attainable dry
atmosphere (<1 percent RH) appears suffi-
cisntly slow at room temperature to offer
the possibility of a storable formulation
with suitable protection.

(£) The ready adherence under compression of
powdered Teflon FEP to the fuel formulation
offers a promising lead for encapsulation as
a potential protective system. Other poten-
tial protective systems should also be con-
sidered.
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S8 Task 5, Chemical Process Data

The objective of this task was to obtain process data in the
laboratory for scaling up the synthesis of energetic salts, N F4-AsF or
KC1F;4. This task was predicted on the use of either salt in gemonstrating
a solid-fueled chemical laser. However, interest in both of these salts
for laser testing has subsided. Study showed that decontamination and
waste treatment of a laser vacuum system using an arsenic salt, with
helium diluent, would be difficult and expensive. KClF, was not prepared
since thermochemical calculations (Task 1) predicted that this salt would
not be suitable in a smoke-free laser system. Prior to eventual laser
testing, these energetic salts would be replaced with an arsenic-free
and smoke-fres advanced energetic salt. The existing laboratory synthesis
of N2F4°A5F5( <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>